Present hypotheses on mechanisms underlying breakthrough events include transmural conduction from the opposing layer of the atrial wall (endo-epicardial or vice versa), transmural microreentry, or ectopic focal discharges. 2, [5] [6] [7] [8] [9] [10] [11] [12] Electric dissociation between the endocardial bundle network and the epicardial layer (EED) during AF is a prerequisite condition for transmural conduction of fibrillation waves because only in the presence of EED electric activity in 1 layer of the atrial wall can encounter excitable tissue in the opposing layer.
R ecently, electric dissociation between muscle bundles and breakthrough was described as key elements of the atrial fibrillation (AF) substrate in both goats and patients with persistent AF. [1] [2] [3] It was demonstrated that because of progressive structural remodeling of the atria, the width of fibrillation waves decreased, whereas their number and the rate of epicardial breakthrough increased. This phenomenon was observed in both goats and patients with persistent AF. 1, 2 Along with pulmonary vein isolation, present catheter ablation strategies include sites with radial spread of activation as potential targets to treat AF, stressing the need to understand the putative source mechanisms underlying such activation patterns.
We hypothesize that most of the events with a focal spread of activation can be explained by transmural conduction rather than focal ectopic discharge or local reentry.
The present study is the first to analyze simultaneous endoepicardial in vivo mapping data of breakthrough events. We investigated the plausibility of breakthrough to be caused by transmural conduction, intramural reentry, or ectopic focal discharges.
Methods

Model
In this study, the goat model of persistent AF was used. 1, 15, 16 Three groups of goats were studied (n=7 for each group). All goats, including the sham-operated animals (acute AF [aAF] ), received a right atrial endocardial pacemaker lead (Medtronic Capsurefix). In the 3-week AF group (3wAF) and the 6-month AF group (6mAF), the lead was connected to an implantable subcutaneous neurostimulator (Medtronic, Itrel1). All animal procedures conformed to international standards on research animal use and were approved by the local ethical committee for animal experiments of Maastricht University.
Study Protocol
Maintenance of AF
After 2 weeks of recovery from implantation, AF was artificially induced and maintained by repetitive 50 Hz burst pacing at 3 times threshold every other second for 3 weeks in the 3wAF group. In the 6mAF group, the atria were paced identically for the first 3 months before the interval was changed to 1 s/min for the remaining 3 months. No pacing was performed in the aAF group.
Open Chest Experiments
Animals were anesthetized with sufentanil (6 μg/kg per hour), midazolam (0.8 mg/kg per hour), and pancuronium (0.3 mg/kg per hour). After left-sided thoracotomy, mapping was performed as described recently. 13 Briefly, the lower part of a custom-made clamplike mapping device (90 endocardial and 146 epicardial electrodes, electrode-spacing 1.6 mm) was inserted into the left atrial cavity of the beating heart through a small incision near the atrial appendage. Contact with the myocardial surface was made by carefully closing the clamp until sharp unipolar electrograms were obtained at all electrode sites. Then the distance between the endocardial and the epicardial mapping array was fixated with a distance screw. This allowed a precise measurement of the distance between the 2 exactly opposing mapping areas (2.3 cm2 each). A silver plate in the thoracic cavity served as indifferent electrode.
Spatial and temporal stability of breakthrough events was analyzed in a second series of 6mAF goats (n=7). Here, a larger spoon-shaped epicardial mapping tool (12.8 cm 2 ; 2.4 mm interelectrode distance) was placed on the left atrial free wall. Unipolar signals were recorded using a custom-made 256-channel mapping amplifier (bandwidth, 0.1-408 Hz; sampling rate, 1 kHz; resolution, 16 bits) and stored for offline analysis.
Wave Analysis
Conduction AF-electrogram files of 4 s were analyzed. Local activation times were identified as points of maximum negative dV/dt in each unipolar electrogram. Fibrillation waves were defined as areas surrounded by lines of block or fusion everywhere along their boundaries within the mapping array as described earlier. [1] [2] [3] Conduction block was defined as conduction time between neighboring electrodes >8 ms (or >12 ms in case of oblique electrodes) equivalent to a conduction velocity of <20 cm/s. 1, 17 All resulting semiautomatic endo-epicardial wavemaps were inspected and edited by 2 independent investigators.
Apparent conduction velocity of fibrillation waves was determined by fitting planes through each activation and its neighbors (grid of 3×3 electrodes), including only activations that belonged to the same fibrillation wave. The local conduction vector was calculated from the orientation of the plane and the reciprocal of the steepness of the plane.
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Endo-Epicardial Dissociation
To quantify dissociation between waves in the epicardial and endocardial layer, each electrode belonging to the same wave was analyzed for activation time and direction of propagation in the closest nine electrodes in the opposing layer of the atrial wall. As thresholds for endo-epicardial dissociation, we again used a putative transmural conduction velocity of <20 cm/s or a difference of >45° between opposing conduction vectors. 1, 3 These thresholds represent twice the SD of all corresponding endocardial/epicardial activation times and conduction vectors in nondissociated waves. Thus, ≈95% of all activations and vectors of nondissociated waves show smaller differences. 13 To obtain a robust distinction between dissociated and nondissociated waves, they were only categorized as dissociated if ≥80% of all activations of a wave were dissociated in time or direction. Similarly, only if ≤20% of the activations were dissociated, the wave was categorized as nondissociated. Examples are depicted in Figure  1 . Information about the effect of the 80% to 20% threshold on EED can be found in the online-only Data Supplement ( Figure I in the online-only Data Supplement).
Wave Characteristics
Fibrillation waves were subsequently labeled as (1) peripheral waves if the site of earliest activation was located at the border of the mapping area or (2) breakthrough if it was located within the mapping area.
The starting points of all breakthroughs were then tested for their closest activation time points in the opposing layer of the atrial wall. As depicted in the example in Figure 2 , an area of 5×5 electrodes (8.0×8.0 mm) in the opposing layer of the atrial wall was searched for preceding activations. If, for a given transmural conduction velocity, a preceding activation in the opposing layer of the atrial wall was detected that could have been a source of this breakthrough wave, the breakthrough was categorized as explainable by transmural conduction.
This analysis was repeated for a wide range of conduction velocities and potential source areas in the opposing layer to elucidate the impact of these thresholds on the qualitative and quantitative results ( Figure II in the online-only Data Supplement, left).
In case of focal ectopic discharge as the underlying mechanism, propagation of the ectopic activation to both the epicardial layer and the endocardial bundle network would be expected. This should result in an endo-epicardial pair of breakthroughs occurring within a short time interval and distance. To test this hypothesis, we analyzed the incidence of breakthroughs that occurred simultaneously in the epicardial layer and the endocardial bundle network. The same analysis for a range of conduction velocities and sizes of areas as described above was performed ( Figure II in the online-only Data Supplement, right).
To study the temporal and spatial distribution of breakthroughs, the breakthrough rate was calculated in 4 quadrants of the spoon electrode (4×3.2 cm 2 ). The intraclass correlation coefficient was used to quantify differences in breakthrough rate between the 4 quadrants, using a 2-way random effects model. With the same method the temporal and spatial distribution of the breakthroughs within the quadrants was analyzed.
To test for the possibility of transmural microreentry as source for breakthrough event, we calculated the time intervals between each breakthrough and the last preceding breakthrough within a 5×5 grid in the opposing layer of the atrial wall. An anchored intramural reentry circuit repetitively activating the epicardial layer and the endocardial bundle network in an alternating manner should result in series of breakthroughs with a phase shift between epicardial layer and endocardial bundle network of around half of the AF cycle length (AFCL). 11 Thus, in case of transmural microreentry underlying breakthrough, an enhanced incidence of breakthroughs preceding the next breakthrough by AFCL/2 (≈60 ms) would be expected. Finally, all maps derived from the larger spoon-shaped electrode were automatically searched for rotor-like activation patterns. April 2013
Statistical Analysis
All data are expressed as mean±SD. Significant differences in mean values among aAF, 3wAF, and 6mAF groups were calculated using a 1-way ANOVA. We performed a Tukey HSD test in the case of equal variances and a Tamhane T2 test in the case of unequal variances. P values <0.05 were considered significant. IBM SPSS Statistics (Version 20) was used to compute all statistics.
Results
AFCL and Conduction Velocities
Mean AFCL was 143±15 ms in the aAF group and 124±15 ms in the 3wAF group (P<0.05 compared with aAF), demonstrating significant electric remodeling in the 3wAF group. No further shortening of AFCL was present in the 6mAF group (120±11 ms; ns compared with 3wAF). No significant difference was present between the endocardial and the epicardial layer in any of the 3 groups (Table) .
Mean conduction velocity of all conduction vectors was highest at baseline (63±7 cm/s), slower after 3 weeks AF (56±6 cm/s), and slowest after 6 months AF (50±4 cm/s; P<0.01 compared with aAF). No difference in overall conduction velocity was present between the endocardial and the epicardial layer (Table) .
Wave Characteristics
Total number of waves per AF cycle was lowest in aAF, higher after 3wAF, and highest after 6mAF ( Figure 3) . Accordingly, the mean wave surface area was lower after 3wAF than during aAF and lowest after 6mAF. No significant differences in the number or size of waves were present between the endocardial and the epicardial layer.
Endo-Epicardial Dissociation
The number and surface area of dissociated waves were lowest in the aAF group and highest in the 6mAF group. The opposite was observed for the number and surface area of nondissociated waves, which were largest in the aAF group and smallest in the 6mAF group. Wave-based analysis of EED demonstrated that 10±5% of all fibrillation waves were dissociated during aAF, 16±4% after 3wAF, and 28±7% after 6mAF. This corresponded to 3±3% of the surface area analyzed being activated by dissociated waves during aAF, 5±2% after 3wAF, and 13±5% after 6mAF (Table) . Taken together, the proportion of dissociated waves and the absolute surface of the atrial wall activated out of phase increased with AF duration.
Incidence and Distribution of Breakthrough
The incidence of breakthrough (as percentage of all waves) was lowest during aAF (2.1±1.0%), higher after 3wAF (11.4±6.1%; P<0.01 compared with aAF), and highest after 6mAF (14.2±3.8%; P<0.001 compared with aAF). Breakthrough incidence and degree of EED both increased with increasing AF substrate complexity (Figure 4 ). Endocardial and epicardial incidences of breakthrough were not significantly different (Table) .
In addition, the breakthrough rate was very similar in any of the 4 quadrants of the spoon-shaped maps. Statistical analysis showed a high intraclass correlation (consistency, r=0.92; absolute agreement, r=0.83; P<0.001).
Screening squares of 3×3 electrodes (52 mm 2 ) only 47 of 1972 breakthroughs occurred twice after each other in the same field, and only 1 occurred with 3 repetitions. The far majority (97.6%) were single events randomly distributed throughout the mapping area.
Origin of Breakthrough
In total, we analyzed 5643 individual fibrillation waves and identified 656 breakthroughs (11.6% of all waves). Depending on their spatiotemporal relation to the electric activation of the opposing layer of the atrial wall, breakthroughs were classified into 3 different categories ( Figure 5 ). Although the majority of breakthroughs were preceded by electric activity in the opposite layer of the atrial wall (example shown in Figure 5 , top), few were accompanied by a breakthrough in the opposing layer of the atrial wall (example shown in Figure 5 , center) or they did not show any simultaneous or preceding 
; space angle, ≈98°).
activity in the opposite layer within the duration of 1 AFCL (example shown in Figure 5 , bottom).
Classification of breakthrough to result from transmural conduction is depended on (1) the maximal distance allowed between an activation in the opposing layer of the atrial wall regarded as potential source of a breakthrough and the site of breakthrough and (2) the minimal conduction velocity allowed between this source and the breakthrough. On the basis of the assumption of a minimal transmural conduction velocity of 20 cm/s and a maximal distance of 5 mm (5×5 grid), 86% of all breakthroughs could be explained by transmural activation originating from preceding fibrillation waves in the opposing layer of the atrial wall. The remaining 14% could not be explained by transmural activation on the basis of our criteria and the present data. Performing the same analysis for simultaneous endocardial and epicardial breakthrough revealed that only 13% of all events could be explained by ectopic focal discharges. For more detailed information of the impact of the above-mentioned thresholds, please see the online-only Data Supplement and Figure II in the online-only Data Supplement.
Local Reentry
The histogram of time intervals between the breakthrough and any preceding breakthrough showed a uniform decay from predominantly short to less frequent longer intervals ( Figure  6 ). There was no increased incidence of nonperipheral waves preceding breakthroughs in the opposing layer of the atrial wall by ≈AFCL/2 (≈60 ms). These data are not in favor of transmural microreentry as a quantitatively relevant source for breakthroughs as, for example, described by Schuessler et al. A full 360° rotation was found in <1% of all 3944 waves recorded with the larger spoon-shaped electrode (detailed Results and Figure V in the online-only Data Supplement).
Discussion
Previous experimental and clinical mapping studies described enhanced electric dissociation and increased incidence of breakthrough with increasing complexity of the substrate of AF. 2, 13, 19 The study by de Groot et al 2 postulates transmural conduction of fibrillation waves as the leading mechanism of epicardial breakthrough, whereas many others use radial spread of activation as criterion to identify ectopic focal discharges during AF. [20] [21] [22] [23] [24] Using radial spread of activation and QS electrogram morphology as criterion for ectopy, Lee et al 25 recently demonstrate that AF in dogs undergoing vagal stimulation can be maintained by multiple ectopic foci.
Whether or not ectopic focal discharges occur during AF is clinically relevant, as AF perpetuated by disseminated ectopy would require a different therapy compared with a reentrant mechanism.
The present study is the first to provide simultaneous endoepicardial high-density mapping data of breakthroughs during AF and demonstrates that the large majority of breakthroughs are explainable by transmural conduction, whereas ectopic focal discharges play a minor role as sources of breakthrough. In addition, we present a detailed analysis of epicardial highdensity mapping data to elucidate the spatial and temporal stability of breakthrough events.
Comparison of Endocardial Versus Epicardial Wave Characteristics
Besides the obvious anatomic differences between the epicardial layer and the endocardial bundle network, the Figure 5 . Three different categories of breakthrough. Three examples with consecutive endo-epicardial isochronal maps before and after a breakthrough event (indicated by white stars, time between isochrones 5 ms, red earliest, blue latest). Original endocardial and epicardial electrogram tracings from the site of breakthrough (depicting 3 beats before and 3 beats after the breakthrough) are depicted below the corresponding isochronal maps. Red lines in electrograms mark the time point of breakthrough. Top, Epicardial breakthrough with preceding endocardial activation classified as transmural conduction (86%). A fibrillation wave activating both the epicardial and the endocardial layer (entering from above) is slowed down in the epicardial layer (crowding of isochronal lines, upper left corner) but rapidly propagates in the endocardial layer from where it activates the epicardium and fuses with the delayed epicardial part of the initial wave. The corresponding local unipolar electrogram tracing shows an R/S morphology, which supports the hypothesis of putative transmural activation. Center, Simultaneous endocardial and epicardial radial activation pattern. Focal ectopic discharge activating endo-and epicardium simultaneously in the absence of endo-epicardial dissociation is assumed to underlie this conduction pattern. This activation pattern was present in 13% of all events. The corresponding local unipolar electrogram tracing showed small R-waves, which could point toward focal ectopic activity from the mid myocardium at this site. Bottom, Epicardial radial spread of activation preceding the endocardial activation. No clear mechanism explaining these events could be identified (only 1% of all events). Most likely mechanism seems focal ectopic discharge in the epicardial layer with transmural conduction block preventing propagation to the endocardium.
electrophysiological properties, such as refractory period and conduction velocities, might also differ between these 2 layers at different stages of the remodeling process. 1, 13 All these differences may contribute to endo-epicardial differences in the conduction patterns during AF and to endo-epicardial dissociation of electric activity. We, therefore, compared the endocardial with the epicardial wave propagation during acute and persistent AF. However, we found that the increasing complexity of the AF substrate, represented by more and narrower fibrillation waves, conduction slowing, and a higher incidence of breakthrough was presented with an equal extent in the endocardial and the epicardial layers of the atrial wall. Our study also demonstrated comparable incidences for epicardial and endocardial breakthroughs, suggesting that transmural conduction does not have a preferential epi-to endocardial or endo-to epicardial direction in left atria of goats. In this sense our results are in agreement with the study of Yamazaki et al 26 who also demonstrated large similarities of conduction patterns and breakthrough incidence between endo and epicardial maps in a sheep model of AF.
Enhancement of Endo-Epicardial Dissociation and Incidence of Breakthrough During the Development of the Substrate of AF
The presence of dyssynchrony of electric activation during AF was first demonstrated in ACh-induced AF in perfused canine atria by Schuessler et al. 11 We recently confirmed these findings and demonstrated increased EED in persistent AF compared with aAF. 13 In the present study, we developed a wave-based algorithm for quantification of EED, with which we could quantify not only the relative number of dissociated fibrillation waves but also the total area activated by dissociated fibrillation waves. We demonstrated that the number of dissociated waves and the total area activated by dissociated waves correlate positively with AF duration. This result is of interest because EED is a conditio sine qua non for transmural conduction and thus the occurrence of breakthrough. Indeed, we found that breakthrough incidence and degree of EED both increased with increasing AF substrate complexity, stressing the 3-dimensional nature of the substrate in persistent AF.
Transmural Conduction as Mechanism Underlying Breakthrough
The present analysis shows that the classification of breakthrough to result from transmural conduction depends on assumptions on (1) the distance over which electric activity can cause breakthrough and (2) the minimal conduction velocity between a putative source and a breakthrough. For various reasons, clear cutoff values for these parameters cannot be deduced from our data or current electrophysiological knowledge. Transmural conduction might occur along the fiber direction or transverse to it, meaning that conduction velocities between 5 and 120 cm/s might occur. Slower velocities were reported for transverse conduction which would even increase the percentage of breakthroughs explainable by transmural activation. 27 Independent of the thresholds used we could demonstrate that the far majority of breakthrough can be explained by transmural activation and only a small fraction by focal ectopic discharge.
Testing for the plausibility of intramural microreentry as underlying mechanisms for breakthrough did not demonstrate this mechanism did significantly contribute to breakthrough events in this study. Also, the search for 2-dimensional rotorlike activation patterns revealed only a very limited number of waves with rotating trajectories of >360° (<1%).
Spatial and Temporal Stability of Breakthroughs
Analysis of 2-dimensional epicardial mapping data demonstrated that within an area of 52 mm2 around a breakthrough event, the proceeding breakthroughs only very rarely reoccur in the same area. The far majority are single events randomly distributed throughout the atrium. These data are in line with the recent study of de Groot et al 2 in patients with acute and persistent AF.
Mechanisms Sustaining AF
Although this study was not intended to clarify the mechanism of persistent AF in the goat model, our data are in agreement with the hypothesis that the arrhythmia is sustained by multiple wavelets. The data show that rotors during AF in the left atria were rare and unsustained. Breakthroughs were wide-spread, not clustered and nonrepetitive. These observations do not support the existence of local sources of AF but are in agreement with an anarchical organization of AF based on multiple wavelets causing fibrillatory conduction throughout the atria. Besides, a low incidence of nonrepetitive, disseminated ectopic focal discharges of an irregular rate seems to exist contributing to AF perpetuation to an unknown extent. Figure 7 shows a hypothetical positive feedback loop of AF stabilization driven by EED and transmural conduction. According to this hypothesis, structural heart disease, as well as AF in itself, leads to structural remodeling resulting in disruption of side-to-side connections not only between muscle bundles but also between the epicardial layer and the endocardial bundle network. 15, 28 The progressive loss of endo-epicardial electric connections results in an increase of EED. More pronounced EED increases the likelihood for transmural conduction and produces a 3-dimensional substrate for AF. This increases the functional surface available for fibrillation waves to coexist and provides additional sites for reentry. Both of these mechanisms are expected to increase the stability of AF as we recently demonstrated in a computer model of endo-epicardial dissociation and transmural conduction during AF.
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Clinical Relevance
Recently, increasing evidence for changes in Ca 2+ handling, potentially producing triggered activity in the atria of patients with AF, has renewed the debate whether ectopic focal discharges contribute to the perpetuation of AF. 8, 9, 12, 30 Ectopic focal discharges might be treated by pharmacological compounds counteracting spontaneous release of Ca 2+ from the sarcoplasmic reticulum or reducing the reuptake of Ca 2+ by the sarcoplasmic reticulum Ca 2+ ATPase. Clinical investigations studying the antiarrhythmic effect of compounds interacting with the Ca 2+ release channel are currently on-going. 14, 31 However, the current study shows that breakthrough of fibrillation waves during AF occurs much more frequently as a consequence of transmural conduction than of ectopic focal discharge and, therefore, does not support the concept of Ca 2+ handling abnormalities as a major contributor to the perpetuation of AF. Whether the limited percentage of breakthroughs caused by ectopic focal discharges forms a quantitatively relevant contribution to the perpetuation of AF remains to be investigated. Only if this contribution is found to be significant targeting Ca 2+ handling in atrial myocytes can be expected to have an antiarrhythmic effect during AF.
Potential Limitations
The current study was limited to the left atria of goats. Whether a comparable correlation between EED and breakthrough and a similar predominance of transmural conduction as a mechanism of breakthrough also exists in AF patients or in other regions of the atrium (especially the right and the left posterior atrium) remains to be investigated. Because of the limited mapping area used, the mechanism of the arrhythmia could not be fully elucidated in this model.
Conclusion
During the development of a substrate of AF, the complexity of fibrillatory conduction in the epicardial layer and the endocardial bundle network increases to a comparable extent.
Endo-epicardial dissociation and the incidence of epicardial and endocardial breakthroughs increase with the increasing complexity of the AF substrate reflecting the 3-dimensional nature of the AF substrate. Most of the breakthroughs in the left atrial free wall of the goat is likely because of transmural conduction originating from the opposing layer of the atrial wall. Breakthrough-like conduction patterns are, therefore, insufficient as criterion for ectopic focal discharge during AF. This should be taken into account during the investigation of arrhythmogenic mechanisms in the atria and in studies on the effect of potential antiarrhythmic drugs on triggered activity/ automaticity during AF. Great care should be taken when techniques determining the conduction pattern exclusively in the endocardial layer (eg, Ensite) or epicardial layer (eg, ECGImaging) are used to determine mechanisms of radial spread of activation.
